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NOMENCLATURE
A Area (ft2 )
c Speed of sound (ft/3ec)
F Thrust (lbs)
f Frequency (cycles/3ec)
g Acceleration of gravity (32.2 ft/sec2)
K Constant
L Length (ft)
M Mach number (M - V/C)
Pa Atmospheric pressure (lb/ft2 )
Pv Velocity pressure (lb/ft2 )
R Gas constant (53.3 ft-lb/lb °R for air) 
r Air fuel ratio
T Temperature (degrees Ranklne)
V Velocity (ft/sec)
w Flow rate (lb/sec)
p  Density (lb/ft^)
Subscripts i
e Exhaust flow conditions




The conventional pulse jet, which became infamous as 
the V-I "buzz bomb" during World War II, has always been 
considered one of the simplest forms of prime movers. 
Basically, it has only one moving part, a mechanical valve 
which controls the air flow to the engine. This 
investigation is based on a further simplification of this 
engine in that the one moving part has been eliminated, 
hence, the term valveless pulse jet. Actually, to say that 
a pulse jet is valveless is somewhat misleading, as all 
pulse jets require valves. This ambiguity is erased when it 
is explained that for the valveless pulse jet the mechanical 
valve has been replaced by an aerodynamic valve.-*- Both 
valves perform the same function, that is both allow air to 
flow more easily in one direction than in the other. The 
mechanical valve usually accomplishes this restriction in 
airflow with a system of reeds, which vibrate in harmony
-^Throughout the remainder of this article pulse jets 
with aerodynamic valves will be referred to as valveless 
pulse jets.
with the pressure pulsations. The aerodynamic valve is 
dependent only upon the air-inlet dimensions. The mechanical 
valve has always been the major drawback in the advancement 
of the conventional pulse jet because of its short operating 
life of approximately 25 to 50 hours. A pulse jet that is 
operating at a relatively low frequency of 50 cycles per 
second causes the valve to function 180,000 times every 
hour, which creates a considerable problem in fatigue and 
endurance. Although the aerodynamic valve is generally not 
as efficient as the mechanical valve because there is some 
backflow of exhaust products through the inlet, it offers 
the distinct advantage of no moving parts. With no moving 
parts, the operating life could be extended almost 
indefinitely, the required maintenance would be negligible, 
and the original construction costs greatly reduced.
The operation of the pulse jet is based on the 
phenomenon of pulsating combustion. Knowledge of this type 
of combustion is certainly not new as the earliest work was 
accomplished by Karavodine in 1908 (l). F. H. Reynst had a 
life long interest in pulsating combustion, and his many 
papers on the subject have been collected and edited by 
Thring (2). This collection contains many references to 
Reynst's pulsating pot, a valveless resonating combustor in 
which the inlet serves also as the outlet for the burned
gases. There have been several Independent studies made of 
pulsating combustors for industrial applications (3). It was 
just such a study that lead the writer to the present 
investigation. Under the sponsorship of the North Dakota 
Bureau of Mines, J. W. Belter is developing a coal dryer in 
which the heat and forced air source is a valveless pulsating 
combustor operating on pulverized lignite coal. Belter felt 
that this pulsating combustor may have some possibilities as 
a propulsive device and proposed that the department of 
Mechanical Engineering at the University of North Dakota 
investigate it from that standpoint. His three years of 
practical experience in the design and operation of pulsating 
combustors has been heavily relied upon throughout this 
investigation.
Application of pulsating combustion to a thrust 
device was successfully attempted by Paul Schmidt in 1930 
(4). Since that time there has been a considerable amount 
of information published on the valve type pulse Jet. This 
has not been the case with the valveless pulse jet. The 
writer has been able to find only one such study on record 
in this country (5). This gas dynamic study was concentrated 
on the simple borda mouth, which was used as the valve 
element for the pulse jet. Apparently, France is the only 
country that has conducted any extensive research in this
area. In 1957, under the sponsorship of S.N.E.C.M.A.1,
Bertln and Salmon published a report on a valveless pulse 
jet - "The Escopette" (6). The authors studied the backflow 
of the jet and through use of instantaneous pressure and 
temperature measurements, they derived the periodic flow 
pattern. A limited theoretical background of their work is 
given by Ducarme (7). S.N.E.C.M.A. has also been 
responsible for the "Ecrlvisse" series of valveless pulse 
jets (8). This series covers a wide range of models with 
thrust ratings of from 22 to 330 pounds.
Although S.N.E.C.M.A. has apparently made considerable 
progress in their work on the valveless pulse jet, they have 
as yet been reluctant to publish any of their findings. In 
regard to performance characteristics, all the information 
that is available is fragmentary reports on specific fuel 
consumption. Therefore, the primary objective of this 
investigation was to provide more detailed information on 
the performance characteristics of the valveless pulse jet. 
This data included the thrust output, the frequency of 
operation, the air fuel ratio, and the specific fuel 
consumption. A secondary objective was to determine what 
affect the location and size of the intake had upon the
^S.N.E.C.M.A. - Societe Nationale d'Etude et de 
Construction de Moteurs d'Aviation - The French Nationalized 
Aircraft Company.
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performance characteristics. The effects of minor changes 
in the exhaust pipe configuration were also investigated.
It should be stressed at this point that this project 
was not Intended to be an investigation on the phenomenon of 
pulsating combustion. A great deal of effort has already 
been expended on this subject and it is felt that any 
contribution from a project of this size and scope would be 
negligible. In spite of all the time and effort put forth 
on the various studies, a thorough theoretical analysis of 
the complex cycle has never been accomplished. Therefore, 
the development of the pulse jet has been based almost 
entirely upon empirical Information and this fact could 
explain, in part, the reason for the limited data available. 
Because of this delay in the development of the theory, the 




PRINCIPLE OP OPERATION AND DESIGN
A schematic diagram of the valveless pulse jet is 
shown in figure 1. It consists fundamentally of an exhaust 
or resonance tube several feet long and an air inlet pipe. 
The upstream end of the exhaust tube forms the combustion 
chamber. The fuel line, starting air inlet, and spark plug 
are all located in this section.







FIGURE 1. SCHEMATIC DIAGRAM
During start-up, a source of fresh air is required to 
purge the system and remove any combustion products that may 
be present from a previous operation, or possibly to remove
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gas from a previous failure to start. The fuel is injected 
continuously at a rate that will provide a suitable fuel-air 
mixture. This mixture is initially Ignited by the spark 
plug. Upon ignition, rapid combustion of the fuel-air 
mixture occurs, which results in a steep pressure rise. 
Because the inlet cross section is considerably smaller than 
that of the exhaust pipe, more of the exhaust gases flow out 
the exhaust pipe then back through the intake pipe. The 
momentum of the flowing gas column in the exhaust pipe 
creates a negative pressure in the combustion chamber, 
thereby inducing a fresh supply of air through the inlet 
pipe. The air is again mixed with the fuel and a new charge 
is now present in the combustion chamber. The exhaust gases 
flowing through the tail pipe, now reduced in momentum due 
to the atmospheric back pressure, reverse their direction of 
flow and return to the combustion chamber where the arresting 
of the new momentum produces a slight pre-compression. The 
combination of pre-compression and mean mixture temperature 
of the gases permits spontaneous ignition to occur and the 
combustion cycle is repeated. Once the engine is operating, 
the starting air and ignition systems may be turned off. A 
graphical Illustration of the combustion cycle is given in 
figure 2.
Although the general cycle of events has been known
A
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FIGURE 2. COMBUSTION CYCLE
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for quite some time, the development of the valveless pulse 
jet has been handicapped by a lack of any quantitative 
theory. The actual operational cycle is extremely complex, 
and all normal thermodynamic cycles fail to satisfy it since 
they are based on steady state conditions.
However, it is known that the combustion cycle is 
influenced to a certain extent by acoustical laws. These 
laws in turn, are a function of the geometric dimensions of 
the engine. There have been attempts to mathematically relate 
the basic dimensions (9) but with only a very limited amount 
of success. The analyses hold up quite well when the 
pressure pulsations are kept very low with the frequency of 
combustion approaching the natural frequency of vibration.
In this case, a plot of pressure versus time would be 
roughly sinusoidal with a pressure node at the pipe exit and 
a pressure antinode in the region of the combustion zone 
(10). But once the fuel rates are increased, with a 
corresponding increase in combustion pressures, the cycle 
deviates from the acoustical analysis. The pressure no 
longer follows a sinusoidal path, but swings considerably 
higher above atmospheric pressure than below. The average 
pressure is now above atmospheric and the engine will 
produce thrust. Even though the fundamental frequency can 
be closely approximated by the formula for a quarter-wave
-1 0
organ pipe (f = c/4l ) It should be clear that simple 
acoustic resonance is only a crude description of the 
operation of this engine.
The three geometric parameters that are critical in 
the design of a device that will sustain pulsating combustion 
are:
1. Slenderness Ratio: Defined as the ratio of 
engine length to combustion chamber diameter.
2. Area Ratio: Defined as the ratio of intake area 
to exhaust area.
3. Length Ratio: Defined as the ratio of intake 
length to engine length.
It has been empirically established that below a 
certain slenderness ratio pulsating combustion cannot be 
achieved. This ratio increases as the diameter of the 
combustion chamber is decreased. It is possible to operate 
above this minimum ratio, but there are factors which make 
it undesirable to do so. Although the average combustion 
pressure in a long exhaust pipe with a low frequency is the 
same as that of a shorter exhaust with a higher frequency, 
the greater heat losses and frictional effects of the longer 
pipe reduce its thrust output. The shorter pipe also offers 
a better thrust to weight ratio, and the effects of external 
friction would be less were the engine in flight. A plot of
-1 1 -
combustlon chamber diameter versus slenderness ratio is 
given in figure 3. This curve can only be considered an 
approximation as it contains data from both valve and 
valveless type engines (9) (ll).
Previous work (12) has indicated that the maximum 
area ratio is approximately 1/4. If the ratio becomes any 
larger than this, the exhaust pipe becomes effectively open 
at both ends and pulsating combustion cannot be sustained.
A plot of the data presented in a previous (13) 
investigation shows that the maximum length ratio is a 
function of the area ratio (figure 4). If the maximum 
length ratio is exceeded, the reverse flow in the intake 
will only return the exhaust gases from a previous cycle 
instead of drawing in a fresh supply of air. Although the 
length ratio can be varied, the minimum is not well defined. 
For instance, with an area ratio of .14, the length ratio 
has been reduced to .0265 by Increasing the tailpipe length, 
all other dimensions remaining fixed (14). It is known that 
this same reduction could not have been achieved by reducing 
the intake length.
Another geometric factor, which apparently has a 
favorable effect upon the performance of the valveless pulse 
jet, was experienced by Belter. If the configuration was 
altered slightly by increasing the diameter of the combustion
; MINIMUM'. I 
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chamber over that of the exhaust pipe the starting and 
operating characteristics of the engine were improved.
This finding is supported to a certain extent by Edelman who 
states that a venturi just downstream of the combustion 
chamber is beneficial to combustion by creating turbulence 
and therefore better fuel-air mixing (14). It has also been 
determined that this configuration aids in drawing combustion 
air (15).
As a starting point for the design, a combustion 
chamber diameter of 4 inches was chosen. It was felt that 
this diameter would yield an engine of reasonable size which 
would be large enough to facilitate the required 
instrumentation, yet not so large as to create any problems 
in thrust measurement or excessive fuel consumption. Prom 
figure 3, the slenderness ratio that corresponds to a 4 inch 
diameter is l6, which gives a total length of 64 inches.
A reduction in diameter from the combustion chamber 
to the exhaust pipe was approximately proportioned after 
Belter's designs; the dimensions are shown in figure 5. The 
resulting exhaust pipe diameter of 3 inches and chosen inlet 
diameter of 1.25 Inches gave an area ratio of .173, which is 
slightly less than the maximum allowable. From figure 4, the 
corresponding length ratio was .165, from which the intake 
length was computed to be approximately 10.5 inches.
FIGURE 5. SKETCH ILLUSTRATING DESIGN DIMENSIONS
Again following Belter's design, the intake was 
located on top of the combustion chamber, just ahead of the 
venturi. As was pointed out in the introduction, the effect 
of the intake position upon performance was one of the 
objectives of this investigation, and this initial location 
was one of three positions studied.
Although the operating pressure and temperatures were 
not expected to be excessively high, seamless steel pipe 
(schedule no. 40) was specified throughout the design to 
provide a margin of safety. It was also anticipated that 
the instrumentation would be more easily accomplished with 
the heavier pipe. Once the performance characteristics of a 
design are known, an engine could be built with a more 
favorable thrust to weight ratio.
It has been established by Edelman that the physical 
and chemical properties of fuels affecting operation of 
Diesel and Otto engine cycles have no marked effect on the 
pulsating jet engine (l6). The engine will operate on 
almost any common fuel with negligible variations in 
performance and the change from gaseous to liquid fuels is 
possible by minor changes in the fuel injectors. To 
simplify fuel injection as much as possible, commercial 
propane was used throughout the tests.
A 7/64 inch fuel orifice and standard automotive
- 16 -
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spark plug were located on oppo 
chamber in line with the intake 
based upon Belter's experiments
site sides of the combustion 
This arrangement was 
1 work.
CHAPTER I I I
LABORATORY METHODS
The following paragraphs outline the methods used in 
obtaining the desired performance data. The fuel flow was 
the independent variable against which all of the data was 
taken. In all cases, the fuel flow was varied from the 
minimum to maximum rate for which pulsating combustion could 
be sustained.
Previous attempts to meter the fuel flow were 
hampered by pressure pulsations in the fuel supply line (17). 
Therefore, the fuel rate was determined simply by weighing 
the fuel quantity over a period of time in which the fuel 
pressure was held constant. Although time consuming, this 
method worked very well with reproducible results obtained 
at all flow rates. Plots of fuel flow versus fuel pressure 
for the two fuel systems used are given in the appendix.
Figure 6 shows the device that was constructed to 
measure the horizontal thrust. The rack, upon which the 
engine was mounted, was free to move as a parallelogram.
With this design, the rack remains parallel to the level
-18

surface at all times. By using a balance system, the thrust 
output is equal to the weight required to bring the rack 
back to the static or starting position. In this position, 
the horizontal components of the engine and rack weight and 
Intake thrust are zero. Frictional effects may be 
considered negligible because the rack moves very freely with 
the use of ball bearings at the eight pivot points. The 
vertical thrust of the Intake was measured by placing the 
entire engine on a scale and noting the difference in scale 
readings before and after starting the engine. The only 
external connection to the engine required during thrust 
measurements is the fuel line. The restriction caused by 
this connection is considered insignificant as the line 
Included a section of flexible rubber hose.
As a first step in approximating the air-fuel ratio, 
the flow pattern at the exhaust outlet was examined. Using 
a shielded thermocouple and small pitot tube, temperature 
and velocity pressure measurements were made at 1/2 inch 
intervals along the 3 inch diameter. Assuming that: (l) the 
flow is incompressible, (2) the exhaust products are a 
perfect gas with a gas constant equal to that of air, and 
(3) the static pressure across the exhaust outlet is 
atmospheric; the velocity can be computed from the following 
equation:
Pv = 1/2 f t  Vg
s
Substituting p  -  Pq/R T and solving for V :
/2 R Pv T g
/  K
The several velocity profiles examined were 
relatively flat with variations not exceeding 10 per cent. 
Later tests and results also indicated that the assumptions 
were fairly good in that: (l) the maximum velocity computed 
was less than the value at which compressibility effects 
become significant (M £ 4), (2) there was considerable 
excess air which supports the assumed value of R, (3) static 
pressures at the exhaust outlet were ± 5 inches of water.
Applying the same technique to the 1.5 inch diameter 
intake at 1/4 inch intervals produced some rather interesting 
results. The intake and exhaust flow appeared to be 
occuring simultaneously. Although it was difficult to 
measure the velocity pressures in this complex flow with any 
degree of accuracy, it was estimated that the exhaust gases 
were confined to the central 1 inch diameter; the intake air 
flowing in the remaining annulus.
Using the notation shown in figure 7, the air-fuel 
ratio (r) can be given as follows:
Wj. + We - wf r = _____________
wf
If the flow is assumed to be quasi-steady and one-dimensional, 
the flow rates (w) at the intake and exhaust can be given by 
the continuity equation as:
wi = P i  Ai vi
w = O  A Ve r'e e e
From the impulse equation the intake and exhaust thrusts (F) 
are given as:
P A V12Fi * ---------
g
„ A Ae Ve2
Fe = ---------
g
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FIGURE 7. FLOW CONDITIONS
Solving for V from the momentum equations and substituting 
into the continuity equations letting Q s . P /R T gives the
• cl
flow rates in the following form:
wi
we
? p A K i a i 6
[ f p A g / e a e
/ R Ti
Substituting into the air-fuel relationship and removing the 
constants from under the radical yields the final result in 
terms of thrust, temperature, and fuel flow:
An average temperature was used in the preceding 
relationship. This average was computed by weighing the 
incremental temperature measurements according to area.
It should be recognized that after the numerous 
assumptions that went into the air-fuel ratio analysis, the 
final result should be considered only an approximation. 
Although the weakest assumptions were in regard to the flow 
at the intake, as the minimum ratio of exhaust to intake 
flow was 3> even a 40 per cent error in intake flow would 
affect the air-fuel ratio by only 10 per cent.
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A rough approximation of the air-fuel ratio could 
possibly have been accomplished by an analysis of the exhaust 
gases. This analysis would have been complicated by the 
backflow of air through the exhaust outlet during each 
combustion cycle. Although previous studies have indicated 
that this air does not reach the combustion chamber (13)»
It does penetrate some distance up the exhaust pipe and 
consequent dilution of the exhaust gases would affect the 
accuracy of the readings. The extent to which this backflow 
penetrates could possibly have been determined by sampling 
the exhaust gases at frequent intervals, but even if an 
accurate sample were obtained, an analysis would not yield 
an overall air-fuel ratio but would only take into 
consideration the combustion air.
The frequency of combustion was determined with the 
use of a pressure transducer. In early tests, in which the 
pressure amplitudes were small, the output of the transducer 
was fed into an oscilloscope. The trace was roughly 
sinusoidal and by calibrating the sweep, the period of one 
cycle was determined, hence the frequency was readily obtained. 
In later tests, In which the pressure amplitudes were 
considerably higher, the trace became very erratic making it 
difficult to read the oscilloscope with any degree of 
accuracy. The problem was solved by feeding the transducer
-2 5 -
output into an electric frequency analyser. This procedure 
gave consistant, reproducible, frequency data and was 
considered superior to the first method used.
Attempts to measure the average static wall pressures 
were largely unsuccessful. Any change in the length of the 
static pressure line or type of manometer produced a 
significant difference in the readings. It was felt that 
this information could have been helpful in correlating the 
performance data.
ft fee to i
CHAPTER IV
EXPERIMENTAL PROCEDURE AND RESULTS
Although pulsating combustion was achieved with the 
original design (figure 1 ), the engine was difficult to 
start and was unstable during continuous operation. 
Combustion could not be sustained with the starting air 
turned off and any fuel pressure changes of over + 2 psig. 
caused the engine to "flame-out".
In an attempt to "tune" the engine, the length of the 
intake was varied. It was found that this length was not as 
critical as originally believed with pulsating combustion 
achieved over a range of 6 to 11 inches. An Intake length 
of* 9.5 Inches proved the most stable for operation with a 
fuel flow range of 2.8 to 8.1 pounds per hour with the 
starting air and ignition systems turned off. The thrust 
output was very small - the maximum being 1.1 pounds. This 
was the total thrust obtained from the exhaust outlet as the 
Intake thrust was immeasurably small. The thrust specific 
fuel consumption ranged from 6.5 to 8.5 pounds of fuel per 
hour per pound of thrust.
-2 6 -
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Although the performance was similarly poor 
throughout the range of intake lengths, some interesting 
information was gained from these tests:
First, the tests supported the maximum length ratio 
data given in Chapter II, figure 4. The design ratio of .165 
(10.5 inch Intake) compares favorably with the experimental 
value of .172 (11 inch intake).
Second, it was determined that the exhaust thrust is 
dependent upon the intake length. A plot of thrust versus 
Intake length is given in figure 8 for three different fuel 
rates. It can be seen that the thrust is increased 
considerably by Increasing the intake length. Apparently, 
the longer intake imposes a greater restriction on the 
backflow of exhaust gases through the intake, thereby 
increasing the combustion chamber pressure with a consequent 
increase In exhaust thrust.
Third, the allowable fuel flow range was determined 
to be a function of the intake length. As the intake length 
was Increased, the rich stability limit (the maximum fuel 
flow for stable combustion) was lowered. Applying the same 
reasoning as above, the longer intake Imposes a greater 
restriction on the Inflow of fresh air as well as the 
backflow of exhaust gases and thereby reduces the maximum 




for stable combustion) was raised as the intake length was 
decreased. Apparently in order to maintain the minimum 
combustion chamber pressures necessary to sustain pulsating 
combustion, the decrease in pressure due to the shorter 
intake had to be compensated for by a greater fuel flow. 
Between the stability limits, the engine was very responsive 
to variations in fuel flow, the resultant change in thrust 
being Immediate.
Fourth, the frequency of operation was established 
to be a function of intake length and fuel flow. The change 
in frequency followed the fundamental quarter-wave organ pipe 
relationship, in that it is inversely proportional to the 
intake length and directly proportional to the speed of 
sound. The speed of sound is a function of the temperature, 
which in turn is a direct function of the fuel flow rate.
Fifth, these tests also indicated that a sudden rise 
in fuel pressure was helpful in starting the engine. If the 
fuel were turned on slowly, it would ignite and burn steadily 
where as with the sudden flow of fuel, the ignition was more 
explosive, a condition favorable for initiating pulsating 
combustion.
Although the noise level is not directly related to 
the performance characteristics, it is an inherent problem 
with this engine. A sound survey conducted in these early
-3 0 -
tests as well as in later tests revealed that the sound was 
not highly directional, which is what could he expected from 
a low frequency source. The survey was conducted by taking 
decibel readings throughout an 8 foot radius of the exhaust 
outlet. At the exhaust outlet the readings ranged from 110 
decibels at a fuel rate of 3 pounds per hour to a maximum of 
135 decibels at 24 pounds per hour.
In an attempt to improve the performance of the 
original design, three general areas were briefly 
investigated. They were: (l) fuel injection, (2) intake 
position and diameter, and (3) exhaust outlet configuration.
A visual observation of the combustion process 
indicated that the fuel was burning on only the fuel inlet 
side of the combustion chamber (figure 9a). To study the 
effects of a more uniform fuel distribution, two 7/54 inch 
orifices were positioned on opposite sides of the combustion 
chamber wall (figure 9b). With this arrangement the flame 
pattern appeared more symmetrical, but there was no 
significant change in the performance. This result is 
supported to a certain extent by a previous study in which 
it was determined that at low fuel rates, an asymmetrical 
flame condition has little affect upon the pulsating 
combustion (13). Adding a third orifice at the bottom of 
the combustion chamber (figure 9c), had no affect on either
-3 1 -
the flame pattern or performance and only made starting of 
the engine much more difficult.
FIGURE 9. END VIEW SHOWING ORIFICE POSITIONS
While the orifice position did not prove to he 
critical, the orifice size had a very significant effect 
upon the operating characteristics. Using two 11/64 inch 
orifices, both the weak and rich stability limits were 
increased. Presumably there are limits on the fuel injection 
velocity that will provide adequate fuel-air mixing. There 
is also the possibility that with the larger fuel inlets and 
consequent lower fuel pressures, the fuel flow may tend to 
become somewhat self-regulating, that is, the fuel flow 
fluctuates with the combustion chamber pressure. Because 
the two larger orifices permitted increased fuel rates, they 
were used throughout the remaining tests.
Intake diameters of 1.25 and 1.5 inches were compared 
at the three positions shown in figure 10. Position 2 
proved largely unsuccessful as the engine was difficult to 
start and combustion could not be sustained with the starting 
air turned off. Consequently this position was not 
considered in any further tests. At positions 1 and 3* the 
comparison of the intake diameters over similar fuel rates 
revealed no significant difference in the thrust output, but, 
because the larger intake increased the rich stability limit, 
it was used throughout the remaining tests. Photographs of 
the 1.5 inch diameter intake at positions 1 and 3 are shown 
in figures 11a and lib.
In making the various modifications In the 
configuration and fuel injection system, it was determined 
that the position of the spark plug was not at all critical. 
No noticeable change in the starting characteristics were 
experienced with the plug located at 2.5, 7.5, and 9.5 
inches from the front of the combustion chamber.
Figure 12 shows that, with the intake in position 3, 
the length could be varied from 8.25 to 12.25 Inches with 
generally the same results as experienced with the original 
design, that is the thrust was increased and the rich 
stability limit decreased as the intake was lengthen. To 
compromise between thrust output and maximum fuel flow, an
P O SIT IO N  I
//
FIGURE 10. INTAKE POSITIONS
'
FIGURE 11a,
VIEW OF INTAKE AT POSITION ONE
iu)-prI
FIGURE lib.
VIEW OF INTAKE AT POSITION THREE
i'll
intake length of 11.25 inches was chosen for the remaining 
tests. It should be noted that with the intake in position 
3, the exhaust and intake thrust are acting against each• 
other resulting in a measured net thrust. In order to 
distinguish between the intake and exhaust thrust, it was 
necessary to curve the intake 90 degrees as shown in figure 
13.
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In his experimental work, Belter found that the 
starting and operating characteristics of the engine were 
improved by flaring the exhaust outlet. To further study 
the effects of this small configuration change, a short 
flared section was added to exhaust outlet. Photographs 
comparing the straight and flared exhaust are shown in 
figures l4a and 14b. With the addition of this flared 
section, the engine was easier to start, the rich stability 
limit was increased, and the ratio of exhaust to intake 
thrust was greatly reduced. Apparently this streamlining of
FIGURE l4a. STRAIGHT EXHAUST OUTIET
7
FIGURE 14b. FLARED EXHAUST OUTIET
the exhaust outlet enhanced the backflow of air through the 
exhaust pipe. Increased backflow caused a greater pressure 
rise in the combustion chamber, which in turn created a 
greater backflow of exhaust gases through the intake.
The final configurations tested are denoted as 
follows:
-3 8 -




















The complete performance data for Engines I, II, III, and IV 
is given in figures 15, 16, 17, ana 18 respectively. The 
total thrust indicated on the graphs is the algebraic sum of 
the exhaust and intake thrusts. The thrust specific fuel 
consumption was computed from the total thrust curve by 
dividing the total thrust output into the corresponding fuel 
flow rate. A complete set of sample calculations and the 
performance data in tabulated form are included in the 
appendix.
Although there was considerable improvement over 
the original design, the performance of all four configurations 
was relatively poor. Even the best thrust specific fuel
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consumption of 3.4 (Engine III) does not “begin to compare 
with the French built "Escopette" which reportedly operates 
in the range of 1.8 to 2.4 (l8). Even the maximum total 
thrust output of 6 pounds (Engine IV) is an optimistic 
value,, as some thrust losses are undoubtedly to be 
experienced in directing the intake thrust rearward.
Calculations indicated that as the fuel rate was 
increased, the air intake automatically increased, apparently 
due to the greater negative pressure peak. As the air-fuel 
ratio curves indicate, this airflow failed to keep pace with 
the fuel flow, but there was a stabilizing tendency at the 
higher fuel rates. This same trend is apparent in the 
performance curves of the valved pulse jet (19). While the 
air-fuel ratio was not appreciably influenced by the flared 
exhaust, the ratio was significantly higher with the intake 
at position 3a. This increased air-fuel ratio may indicate 
a greater potential for improved performance. It should be 
noted however, that the losses in recovering the intake 
thrust would be greater with the intake in position 3a.
The effects of the flared exhaust upon the 
performance characteristics remained the same for both intake 
positions, that is, it increased the rich stability limit 
and decreased the exhaust to intake thrust ratio.
The frequency of all four configurations reached a
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maximum stabilized value as the fuel flow was increased.
This value is apparently a function of intake position and 
exhaust configuration. With the intake at position 1, the 
effective length of the exhaust pipe is reduced and, because 
the frequency is inversely proportional to the length, the 
frequency is increased. In fact, by comparing the engines 
with similar exhaust configurations, this inverse proportion 
can be shown to be amazingly precise.
For Engines I and III:
f I  = k i / l i  and f m  -  K I I l / L m
Assuming that at the maximum stabilized frequency the 
constant terms are equal:
fI LI = fIII LIII
(107) (64 - 7.5) = (95) (64)
604 i 608
For Engines II and IV:
fII LII = fIV LIV
(112) (64 - 7.5) = (98) (64)
631 = 626
The reason for the higher stabilized frequency in 
Engines II and IV is possibly dependent upon several 
factors. A contributing cause may be that, with the flared 
exhaust, higher average temperatures were experienced in the
intake. As earlier* tests established that the frequency was
dependent upon the intake length, it seems logical to assume
that the frequency is also a function of intake temperature.
In an attempt to further compare the four
configurations, a thermal efficiency, defined as the ratio
of the kinetic energy of the exhaust gases to the energy
input, was calculated. The efficiencies were all found to
be extremely low, ranging from 0.5 per cent to 1.0 per cent
with no important differences in the four engines. The
«only trend that could be established was an increase in 
efficiency with increased fuel flow. Similarly calculated 
efficiencies for the valve pulse jet indicated values as 
high as 8.8 per cent (20).
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CHAPTER V
The primary conclusion that can be drawn from this 
investigation is that the valveless pulse jet in the 
configurations tested is a grossly inefficient engine. Even 
the minimum thrust specific fuel consumption of 3.4 does not 
begin to compare with the French built engines which 
reportedly have achieved values as low as 1.2 (21). If the 
performance of this engine is going to be improved, detailed 
studies will have to be accomplished in several areas.
Flaring the exhaust outlet resulted in reducing the 
exhaust to intake thrust ratio by as much as 75 per cent 
which indicates the need for further study in this area. It 
is believed that changes in tailpipe configuration along with 
external ducting hold the most promise for improved 
performance. Studies made by S.N.E.C.M.A. have indicated 
that .with the use of ducting it was possible to increase the 
basic thrust 2 to 3 times (21).
The performance could also be improved through the 




instance, the effect of intake length on thrust could be 
optimized by designing a variable length intake. A detailed 
study of the complex flow that was found to exist in the 
intake would certainly offer possibilities for an improved 
design.
The variation in the allowable fuel flow range 
brought about by the change in orifice size indicates the 
need for a more elaborate fuel injection system. It appears 
feasible that a fuel manifold could be designed that would 
provide continuous operation over a wider range of fuel 
flow rates.
Until a thorough theorectical analysis of the complex 
combustion cycle has been completed, any attempts to improve 
the performance of the valveless pulse jet engine will have 
to be accomplished primarily on an empirical basis. The 
only consolation in this fact is that the engines are easily 
constructed and even a large scale experimental investigation 
involving numerous configurations would be relatively 
inexpensive. It is hoped that this investigation will 
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SAMPLE CALCULATIONS
The sample calculations are based on the following data 
taken from Engine II:
Fuel Pressure - 9 psig
Fuel Flow (wjr.) - 18.4 Ib/nr - .00512 Ib/sec
Exhaust Thrust (Fe) - 2.7 lb
Exhaust Temperature (Te) - 1040 °F - 1500 °R
Intake Thrust (F^) - 1.4 lb





Thrust Specific Fuel Consumption 











A. --  - ,00545 ft2
(4) (144)





r - (Ft ) (2116) (.00545) (32.2) 
(53.3) (T± )




2.64 y Fi/T1 + 8.1 / Fe/T€ - w,
W.<
2.64 / 1T4/770 -» 8.1 /2.7/1500 - .00512
.00512
,113 * .3^2 - .00512 
.00512
„ 87.8 lb air/lb fuel
Thermal Efficiency (^):
<4 = Kinetic energy of the gases
Energy Input
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SAMPLE CALCULATIONS
Thermal Efficiency (^) (cont.):
wi Vi «• we Ve 
(2g)(HHV)(wf)(j)
2
HHV = Higher heating value 
= 19,655 BTU/lb
J = Joule’s constant 
= 778 BTU/lb
F, R T. g
v 2 - — ----1---














FUEL FLOW INTAKE EXHAUST TOTAL INTAKE EXHAUST TOTAL AIR-lb/hr THRUST THRUST THRUST BACKFLOW FLOW FLOW FUEL
lbs lbs lbs lb/sec lb/sec lb/sec RATIO
ENGINE III
6.3 0.35 1.46 1 .8l 0.052 0.294 0.346 197.0
8.6 0.55 1.84 2.39 .078 .324 .402 163.0
12.2 0.85 2.75 3.60 .088 .396 .484 142.0
14.9 1.10 3.23 4.33 .100 .436 .536 129.0
18.4 1.35 3.74 5.19 .110 .480 .590 114.0
20.7 1.50 3.98 5.48 .114 .493 .607 103.0
ENGINE IV
6.3 0.35 0.91 1.26 0.065 0.234 .299 170.0
8.6 0.60 1.24 1.84 .083 .272 .355 148.0
12.2 0.95 1.85 2.80 .100 .322 .422 123.0
14.9 1.25 2.36 3.6l .107 .357 .464 111.0
18.4 l.6o 3.00 4.60 .116 .405 .521 101.0
20.7 1.75 3.41 5.16 .118 .435 .553 95.5
23.0 1.95 3.70 5.65 .123 .450 .573 90.0
24.6 2.05 3.96 6.01 .125 .466 .591 86.2
>PPENDIX
PERFORMANCE DATA
FUEL FLOW INTAKE EXHAUST TOTAL INTAKE EXHAUST TOTAL A IR -
lb / h r THRUST THRUST THRUST BACKFLOW FLOW FLOW FUEL
lb s lb s lb s lb / s e c lb / s e c lb / s e c RATIO
ENGINE I
10.8 0.20 l.8i 2.01 0.055 0.330 0.385 120.0
12.2 0.30 2.20 2.50 .059 .329 .388 114.0
14.9 0.50 2.64 3.14 .076 .349 .425 102.018.4 0.70 3.08 3.78 .088 .362 .450 87.1
20.7 0.90 3.52 4.42 .083 .387 .470 8l .6
23.0 1.10 4.07 5.17 .089 .414 .503 78.1
ENGINE I I
10.8 0.80 1.65 2.45 0.097 0.309 o.4o6 124.0
12.2 1.05 1.91 2.96 .101 .314 .415 121.0
14.9 1.30 2.42 3.72 .108 .340 .448 107.018.4 1.40 2.70 4.10 .113 .342 .455 87.8
20.7 1.60 2.94 4.54 .117 .354 .471 80.1





L IS T  OF REFERENCES
1. L. B. Edelman, "The Pulsating Jet Engine - Its 
Evolution and Future Prospects, "SAE Quarterly 
Transactions, Vol. II, (April, 1947)* p. 204.
2. F. H. Reynst, Pulsating Combustion, (New York:
Pergamon Press, 1961).
3. W. E. Francis, M. L. Hoggarth, and D. Reay, A Study of 
Gas-Fired Pulsating Combustors for Industrial 
Applications, (London: The Gas Council, November, 1962) 
Research Communication GC91.
4. P. Schmidt, British Patent 368,564, (1931).
5. S. M. Yen, H. H. Korst, and R. W. McCloy, "The Gas 
Dynamic Investigation of a Valveless Pulse Jet Tube," 
Ohio State University Engineering Experiment Station, 
Bulletin 149, (September, 1952), pp. 307-520.
6. J. Bertin and B. Salmon, "Quelques Resultats obtenus a 
la S.N.E.C.M.A. dans 1'Etude des Pulsoreacteurs," 
Butterworths Scientific Publication, (1957)* pp. 123-133
7. J. Ducarme, "Remarques sur les Pulsoreacteurs," 
Butterworths Scientific Publication, (1957)* pp. 112-122
-54
-5 5 -
8. N. J. Bowman, The Handbook of Rockets and C-uided 
Missiles, (Chicago: Pevastadion Press, 1957) , P. ^3.
9. Francis, Hoggarth, and Reay, op. cit., p. 6.
10. Reynst, op. cit., p. 84.
11. Edelman, op. cit., p. 206.
12. Francis, Hoggarth, and Reay, op. cit., p. 10.
13. Ibid., p. 11.
14. Edelman, op. cit., p. 206.
15. Reynst, op. cit., p. 266.
16. Edelman, op. cit., p. 209.
17. Francis, Hoggarth, and Reay, op. cit., p. 9.
18. "Escopette by S.N.E.C.M.A.," Aircraft Engineering,
Vol. XXIV, no. 275 (January, 1952), p. 4.
19. C. E. Tharett, "The Saunders - Roe Pulse Jet Engine," 
Society of Engineers - Journals and Transactions,
Vol. XLIX, no. 2 (April - June, 1958) pp. 46-71.
20. Reynst, op. cit., p. 37.
21. J. Bertin and M. Le Nabour, Contribution to the 
Development of Ducts and Ejectors, (Ottawa: National 
Research Council of Canada, 1951), Technical Translation 
976, p. 3.
2727*1
